We report on the charge spill-out and work function of epitaxial few-layer graphene on 6H-SiC(0001). Experiments from high-resolution, energy-filtered X-ray photoelectron emission microscopy (XPEEM) are combined with ab initio Density Functional Theory calculations using a PACS 73.22.Pr, 71.15.Mb, 
I. INTRODUCTION
The outstanding transport properties of graphene (high carrier mobility, ballistic transport observed up to room temperature, ability to sustain large current densities, exceptional optical and mechanical characteristics) make it an attractive material for the study of two-dimensional physics, as well as for application in many devices either as passive (e.g., as electrode material) or active component (e.g., as channel material in a transistor). 1 However, to employ graphene in a device requires a suitable substrate, conserving the electrical and physical properties of free-standing graphene. If we exclude the exfoliation route for device applications, graphene can be formed from high-temperature annealing of SiC(0001) or SiC(000-1), [2] [3] [4] [5] or directly synthesized on the surface of bulk 6 or thin 7 metallic substrates by chemical vapor deposition. Few-layer graphene (FLG) obtained on SiC(000-1) may display all the transport properties of free standing graphene, 8 however, the interface between FLG and the silicon face, SiC(0001), is more fully understood both theoretically 9 and experimentally. 10 The growth of graphene on SiC(0001) proceeds on an insulating buffer layer of a unique (6√3 × 6√3) 30° symmetry which decouples the subsequent graphene layers from the substrate.
For successful interface engineering and device optimization using graphene either as electrode material or active layer, control of the work function is essential as it generally governs energy level alignments through the heterostructure. This is a considerable theoretical and experimental challenge due to (i) the intrinsic low-dimensionality of FLG and the peculiar band structure of the graphene -bands sensitive to substrate interactions and (ii) the intrinsic nonuniformity of graphene thickness in macroscopic samples. 11 The FLG work function has a layerthickness dependency due to (i) charge transfer from electronic states at the substrate interface and
(ii) charge redistribution within the FLGs by intrinsic screening. Recent work highlights how the charge transfer and charge redistribution mechanisms are sensitive to interactions of the FLG with the substrate 12, 13 and between the graphene layers. [14] [15] [16] The work function of FLG heterostructures was studied in the case of insulating, 15, 16 semiconducting SiC(000-1) 11 and SiC(0001) 13, 14, 17, 18 , and various metallic substrates. 12, 19, 20 Ziegler et al. studied exfoliated FLG on SiO 2 and found a screening length of 4 to 5 graphene layers and work function differences of 68 meV between single layer and bilayer, and of 54 meV between bilayer and trilayer graphene. 15 Datta et al. 16 showed similar increase of the surface potential as a function of FLG thickness up to 5 layers on SiO 2 and interpreted the result in terms of intrinsic screening by the FLG of the charge transferred from a thin interfacial layer of traps at the silica surface. In the case of graphene on metals, 12 the work function of the stack is modulated by the charge transferred from interface states to graphene, creating an interface dipole moment. The charge transfer is independent of the number of graphene planes but a thickness-dependent partial charge spill-out is predicted, explaining the experimental C1s core-level additional shift in graphene. The results provide a coherent explanation of why the layer dependent core level shift does not rigidly follow that of the work function.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Work function and C 1s core level measurements
The sample of epitaxial FLG grown on a Si-terminated 6H-SiC(0001) surface was obtained by sublimation of the SiC substrate at 1400°C for 5h under ultra-high vacuum (10 -6 Pa). This procedure resulted in micron size domains of 1, 2 and 3 LG. The vibrational fingerprint of graphene was clearly observed with Raman spectroscopy. Note that the SiC substrate was n-doped with a concentration of 10 17 /cm 3 .
Local work function measurements were performed by spectroscopic XPEEM using a NanoESCA instrument (Omicron NanoScience, Oxford Instruments) which has already been described elsewhere. 21 Spectroscopic XPEEM yields absolute local work function values, provided the work function of the electron analyzer is known, 13, 22 with a typical lateral resolution between 50-150 nm and an uncertainty in the measured work function of 20 meV. 23 Here, we employed soft xray synchrotron radiation provided by the TEMPO beamline at the SOLEIL synchrotron storage ring (Saint-Aubin, FRANCE) and 21.2 eV photons from a conventional He-discharge lamp. The combination of two excitation sources with energies well above the photoemission threshold increases the reliability of the measurement. Possible carbonaceous contamination of the graphene surface during XPEEM imaging using synchrotron radiation has been reported. 13 Therefore, the use of lower brilliance photon source, less likely to modify the surface, provides an important, independent check of the work function values.
Before XPEEM imaging, the sample was heated at 550°C in vacuum to remove adsorbates, confirmed by micro-spectroscopy of the C1s core level. The C 1s spectrum of the clean surface showed the typical graphene component at 284.4 eV and graphene-SiC interface components at higher binding energy (285.0-285.5 eV). 24 The photoemission threshold image series were recorded within two fields of views (FoVs): 34 µm (He I) and 115µm (synchrotron radiation), with a lateral resolution of 150 nm. The thickness of the FLG domains was determined by Low-Energy Electron Emission Microscopy (LEEM) and C1s core level XPEEM excited using synchrotron radiation (h=400eV). The C1s XPEEM data were recorded with an overall energy resolution of 250 meV enabling an accurate fit of spectra from individual FLG domains using distinct core level components.
B. Theoretical model and method
We employed Density Functional Theory (DFT) 25 with the local density approximation (LDA) and a plane wave basis set as implemented in the ABINIT code. 26, 27 Norm-conserving pseudo-potentials were used with a plane wave cutoff of 700 eV. 28 Integration over the Brillouin zone (BZ) was performed on a 6×6×1 grid mapped according to the scheme of Monkhorst and its dangling bond plays a major role in the electronic structure of the SiC/BL system as discussed below. Mono-, bi-, tri-, and four-layer graphene (1LG, 2LG, 3LG, and 4LG) on BL/SiC were calculated ( Fig. 1 ). For each system the thickness of the vacuum layer was kept constant at 50 Å.
The work function is the minimum energy required to extract an electron to a potential far from the surface. 30 The work function, WF is obtained from the following expression:
where eV vacuum is the vacuum potential and E F is the Fermi energy. 
III. RESULTS
A. Experiment
Graphene thickness and interface chemistry
The FLG thickness was measured using LEEM and C 1s XPEEM. 33 , n layers of graphene give n-1 intensity minima, however, recent work by Feenstra et al. 34 has shown that this depends on the graphene-substrate distance. If the BL is sufficiently far from the substrate then it acts as an additional layer, thus n graphene layers will give n intensity minima in the electron reflectivity. The XPEEM data were generated pixel-by-pixel from the corresponding C1s image series recorded within a 17 µm field of view, in a region located in the vicinity of the one chosen for the LEEM measurements. Figure 3 (c) presents a map of the intensity of the graphene component of the spectra-at-pixels, obtained after peak fitting.
The C1s core level spectra of the 1, 2 and 3 LG domains marked in Fig. 3 (c) are presented in Fig. 4 . The energy resolution allows analysis of the chemical shifts of the individual core-level components. After Shirley background subtraction the spectra were fitted using four components related to the SiC substrate (at low binding energy), the main graphene component, and two components assigned to the buffer layer as described previously. 24 These are related to the out-of-plane C-Si covalent (S1) and in-plane sp 2 C-C (S2) bonding states. 
Local work function and band shifts
Photoemission threshold image series were recorded with synchrotron and laboratory He I radiation with FoV 115 m and 34 m, respectively. Prior to the fitting procedure, the images were corrected for two effects: first, the Schottky effect due to the high electrical field at the surface induced by the first extractor lens of the objective, which shifts the work function value typically by -98 meV at 12 kV extraction voltage; the second correction accounts for the non-isochromaticity of the imaging spectrometer in the dispersive direction (vertical axis on the images). 21 Figures 5(a) and 5(b) show the work function maps obtained from the photoemission threshold image series. The maps were generated by a pixel-to-pixel fit of the threshold spectra to a complementary error function. 22 This technique is much more reliable for obtaining the work function than simply extrapolating a straight line down to zero intensity in the threshold region, 13 Hibino et al. 33 found that the work function increases by 300 meV when the FLG thickness increases from 1 to 6 LG, an average of 50 meV per layer. However, the increase was not linear, for 1-3
LG they report a 200 meV shift. The C1s graphene binding energies are given in Table I . The binding energy decreases by 90 meV between 1 and 2 LG and by 80 meV between 2 and 3 LG whereas the SiC component is constant at 283.7 eV. In both cases the core level shift is significantly greater than that of the work function.
Thus the C1s binding energy and the work function value do not undergo a rigid shift; therefore, charge transfer between the graphene and the substrate alone is not sufficient to explain the results.
The theoretical calculations discussed in Sec. IV address precisely this question.
B. THEORY
Graphene/SiC interface
The interlayer distances after relaxation of the heterostructure are plotted in 
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The band structure resulting from the relaxed interface presented in the Appendix shows the characteristic Dirac cones associated with FLG graphene. 
Work function
IV. DISCUSSION
Here we discuss the consistency of our interface model results and the experimental data on the work function and the C 1s core levels. The experimental work function shifts by 50-60 meV per graphene layer, whereas the C 1s binding energy in graphene shifts by almost 100 meV per layer. Figure 4 shows that the interface chemistry, represented by the S1 and S2 components of the local C 1s core level spectra, does not change with the number of graphene layers on SiC. Therefore the increase in the SiC/FLG work function with the number of graphene layers should be of an electrostatic origin, related to an increase of the interface dipole. To confirm this hypothesis we have calculated the interface dipoles by integrating the net charge density ∆ , defined as the difference between the heterostructure planar averaged (along x and y) charge density and the SiC and graphene bulk planar averaged charge densities, multiplied by the displacement vector d:
where A is the interface area and the z direction is perpendicular to the interface. To estimate the interface dipole and how it is affected by the number of graphene layers on SiC, the net charge density was obtained using the following two methods.
In method I the net charge was obtained by subtracting the charges of SiC and graphene slabs from the heterostructure charge. If the impact of the interface on the location of the atoms is short-ranged, quickly decaying into the bulk-like regions, then this procedure is able to remove the bulk charges from both sides of the interface, leaving only the net interface charge. Formally the net charge density of the interface structure, + , can be written as
where + is the total charge density of the interface structure, and are the total charge densities of the SiC and FLG slabs, respectively, and ̅̅̅̅̅ and ̅̅̅̅̅̅ are the total charge densities of the SiC and FLG sides of the interface which include the charge exchanged across the interface. The total charge densities can be further decomposed in their positive and negative components arising from the contributions from the ions and electrons, respectively. Therefore
The alignment between the charge densities of the SiC of the heterostructure and the bare SiC slab was straightforward as shown in Figure 7 , since the interface has little effect on the nearby SiC layers. For this reason, the first term of the left bracket in Eq. 4, ̅̅̅̅̅ − , can be neglected.
In the case of the graphene slab, the alignment with the graphene in the SiC/graphene heterostructure is more difficult because the interface has a considerable impact on the graphene layer separation, moving them closer to each other than in the free-standing graphene slab. In other words, the contribution of the ionic charge density in graphene shown in Eq. In method II we have subtracted from the density of the graphene side of the interface the densities of the appropriate number of single graphene planes. In this case, and in Eq.
4 are the ionic and electronic charge densities of a free-standing single graphene plane repeated the necessary number of times depending on the number of graphene planes in the SiC/FLG structure.
Although this method does not take account of the electronic charge located in the inter-planar regions of graphene in the stack, it intrinsically accounts for the inter-planar graphene separation.
The total charge alignments for SiC/BL, SiC/BL/1LG and SiC/BL/4LG obtained with method II are shown in the upper panel of Fig. 7 . The charge densities are better aligned, implying that in this case both ̅̅̅̅̅ − and ̅̅̅̅̅̅ − in Eq. 4 can be neglected. The resulting net charge density, which is one order of magnitude lower than that obtained using method I, is shown in the lower panel of Fig. 7 . The results of method II are given in parentheses in Table I .
The results obtained with both methods follow the same trends. Table I The interface dipole is the product of the charge transferred across the interface and the separation of the positive and negative charges. Table I shows that the calculated electronic charge transferred from SiC to graphene is almost constant as the number of graphene layers increases. On the other hand, the spread of the charge transferred at the graphene side increases with the number of planes as shown in the lower panel of Fig. 7 . Therefore, the SiC/graphene dipole only changes with the number of graphene layers because the more graphene planes there are the larger is the separation between the charge centroids at each side of the interface, with no impact on the electronic states on the SiC side of the interface. This explains why the C1s level in SiC is unchanged.
However, due to the atomically-thin character of few-layer graphene, part of the transferred charge leaks into vacuum as shown in Table I . The fraction of the leaked charge originating from the transferred charge (i.e., excluding the leaked charge belonging to the topmost graphene plane) was calculated by subtracting the charge of the graphene slab from that of the interface structure. 
